The level of endothelin (ET)-1, a uterotonin, increases in amniotic fluid during labor. The known metallopeptidases include ET-converting enzyme (ECE), which converts inactive precursor to potent ET-1, and neutral endopeptidase (NEP), which inactivates ET-1. These enzymes are present in fetal membranes, and the aims of this study were to establish the protein expression of the enzymes within the amnion of human fetal membranes. Expressions were compared between amnions obtained before and after term labor using a Western blot analysis and enzyme-linked immunosorbent assay, respectively. The localization of these enzymes was determined using immunohistochemistry. The protein expression of the enzymes and output of bioactive ET-1 in human amnion epithelial cells (HAECs) and mesenchymal cells (HAMCs) were investigated with and without proinflammatory cytokines, oxytocin, and prostaglandin treatment. The effects of sphingosine-1-phosphate (S1P), a bioactive lipid, were also examined. The protein expression of ECE-1 was significantly increased (P , 0.01), whereas that of NEP was significantly decreased, followed by increased ET-1 (P , 0.01), in the amnion obtained after labor (P , 0.01). HAECs and HAMCs primarily expressed ECE-1 and NEP, respectively. The protein expression of ECE-1 was significantly induced (P , 0.01). However, the NEP levels were significantly reduced (P , 0.05) by treatment with TNFalpha and IL1beta followed by the 7.5-fold and 6.5-fold increase of ET-1 (P , 0.01), respectively, in the HAECs. ET-1 was increased 2-fold by S1P (P , 0.01). These results suggest that the altered expression of enzymes regulating the activity of ET-1 during parturition is controlled by inflammatory cytokines.
INTRODUCTION
The bioavailability of endothelin (ET)-1 is regulated by two homologous membrane-bound zinc-dependent metallopeptidases, ET-converting enzyme (ECE)-1 (EC 3.4.24.71) and neutral endopeptidase (NEP; EC 3.4.24.11) [1] , which are involved in the synthesis and degradation of ET-1, respectively. Cloning of ECE-1 has revealed that it shares 37% identity with NEP in rats, and ECE-1 is related to NEP in terms of topology and catalytic mechanism [1] . However, ECE-1 and NEP exhibit distinct substrate selectivity [1] . The biosynthesis of ET-1 has several steps. Prepro-ET-1, which is the first product of the ET-1 gene, is cleaved to pro-ET-1 by a signal peptidase and then to the big-ET-1 by the maturing enzyme, furin [1] . ECE-1 acts at the final step of this process and converts big-ET-1 (inactive precursor) to the bioactive ET-1 peptide [1] . In contrast, NEP cleaves and inactivates ET-1 [2] . We have previously reported that ECE-1 and NEP play important roles in the cyclic changes of the human endometrium by regulating the effect of ET-1 [3, 4] .
The mechanisms underlying human parturition, which are specific to humans in several characteristics, remain unclear. ET-1 was originally identified as an important vasoconstrictor [5] , and it is also thought to be an important factor in the initiation of human labor [6] . The level of ET-1 is increased in the amniotic fluid of the forebag, the compartment between the fetal head and the cervix, during labor [7] and increases myometrial smooth muscle tone [8] . Recently, it was reported that the ECE-1/ET-1 pathway plays a critical role in preterm delivery in a mouse model [9, 10] . The levels of ET-1 and ECE-1 were increased in gestational tissue, and treatment with an ECE-1 inhibitor, ET-1 receptor A antagonist, or ECE-1 RNA interference could prevent preterm delivery in mice [10] . Those authors also reported that upregulation of MMP-1, which is increased during human labor, was inhibited by ECE-1 RNA interference in the mouse model [9] . ET-1 has been reported to be synthesized in the human amnion [11, 12] , and its concentration in amniotic fluid is approximately 10-to 100-fold higher than that observed in plasma [7] . These findings suggest that the bioactive ET-1 peptide is important in the amnion, not merely in the vascular endothelium, of pregnant females during human labor. However, few findings regarding synthesis and metabolism of enzymes regulating the activity of ET-1, ECE-1, and NEP in the amnion during labor have been reported.
In the present study, we examined the protein expression and localization of ECE-1 and NEP in the human amnion and compared the expression levels in the amnion of the tissues obtained before labor with those in the amnion of the tissues obtained after labor. The effects of proinflammatory cytokines and uterotonic agents known to be involved in the onset of labor were also examined in terms of the enzymes in human amniotic cells. TNFa, IL1b, and IL6 [13] as well as prostaglandin F2a (PGF2a) [14] are increased in amniotic fluid with labor at term, and they are increased in maternal serum before labor onset [15] . IL8 is induced by IL1b [16] . Oxytocin is commonly used for labor induction [17] . In addition, the role of sphingosine-1-phosophate (S1P), which has been also reported to be related to parturition, was determined [18] [19] [20] .
MATERIALS AND METHODS

Tissue Collection
The present study was approved by the ethics committee of the Nagoya University School of Medicine, and informed consent was obtained from patients. The amniotic samples used for the Western blot analyses were obtained from the tissues at term via elective cesarean section before the onset of labor for breech presentation or previous cesarean section (before term labor, n ¼ 10) or via vaginal delivery after spontaneous labor (after term labor, n ¼ 10). Patients with any maternal complications or current nonsingleton pregnancies were excluded from the present series. The clinical characteristics of the patients are summarized in Table 1 . Only the gestational age at delivery was significantly different between the amnion obtained before and after term labor, but the difference was thought to be slight and not clinically important. The samples were collected from the lower segment of the amniotic tissues as previously reported [7] . The samples were stored at À808C until the protein was extracted.
The amniotic tissues used for the primary culture of amniotic cells were aseptically obtained via elective cesarean section for the same reasons described above.
Primary Culture of Amnion Epithelial and Mesenchymal Cells
The amnion consists of an epithelial layer of cells and a subepithelial mesenchymal layer of cells. Primary cultures of human amniotic epithelial cells (HAECs) and human amniotic mesenchymal cells (HAMCs) were established as previously reported [18] . The cells were incubated in Dulbecco modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml of penicillin, and 100 lg/ml of streptomycin at 378C under a 5% CO 2 atmosphere. The purity of the epithelial cells in HAECs and of the mesenchymal cells in HAMCs was confirmed based on the presence of more than 80% CK-7-positive and vimentin-positive cells, respectively.
For the stimulation studies, after reaching 60%-70% confluence, the cells were treated with 10 ng/ml of human TNFa (PeproTech Ltd.), IL1b (PeproTech Ltd.), IL6 (PeproTech Ltd.), or IL8 (PeproTech Ltd.) for 24 h. Oxytocin (Peptide Institute, Inc.) and PGF2a (Ono Pharmaceutical Co., Ltd.) was used at 100 nM and 2 lg/ml, respectively, which are the levels estimated to be present in maternal serum at the induction of labor. S1P (Enzo Life Sciences, Inc.) was added at concentrations of 0, 100, and 1000 nM for 0-72 h as previously reported [18] . We previously confirmed that S1P receptors, such as S1P1, S1P2, S1P3, and S1P5, which are coupled with G i protein, were consistently expressed in HAECs and HAMCs [18] . To investigate the involvement of the signaling of the S1P receptor, cells were preincubated for 16 h with 100 ng/ml of pertussis toxin (PTX; an inhibitor of G i protein-coupled receptors) followed by 1000 nM S1P as previously reported [21] . Each experiment was repeated at least three times.
Immunostaining of ECE-1 and NEP
The amniotic samples were fixed in formalin and embedded in paraffin.
Immunostaining was performed as previously described [18, 22, 23] . The sections were immunostained using a rabbit anti-ECE-1 antibody (Novocastra Laboratories Ltd.), mouse anti-NEP antibody (Novocastra Laboratories Ltd.), and mouse anti-vimentin antibody (Santa Cruz Biotechnology, Inc.) at a dilution of 1:100 or a mouse anti-CK7 antibody (Ready-to-Use N-series; Dako Japan, Inc.) with the dilution recommended by the manufacturer. For the negative controls, the primary antibody was replaced by a nonspecific immunoglobulin G at the same dilution. The cells were fixed in situ in the culture well before immunocytochemistry and immunofluorescence. Immunofluorescence images were obtained using a BZ-9000 microscope (Keyence).
Western Blot Analysis
The protein extracts were obtained and Western blot analyses performed as previously reported [3] . The frozen amnion samples and primary cultured HAECs and HAMCs were lysed in RIPA buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 5 mM ethylenediaminetetra-acetic acid, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1.2% aprotinin, 5 lM leupeptin, 4 lM antipain, 1 mM phenylmethyl sulfonyl fluoride, and 0.1 mM Na 3 VO 4 ), homogenized on ice, then centrifuged at 13 000 3 g at 48C for 30 min. The protein concentrations were determined using a BCA Protein Assay Kit (Pierce Biotechnology). Immunoblotting was performed with anti-NEP antibody, anti-ECE-1 antibody, or anti-b-actin antibody (Santa Cruz Biotechnology, Inc.) at a dilution of 1:5000 as described above. The bands were scanned and analyzed via densitometry. The relative band density normalized according to the level of b-actin was determined. The data were further normalized so that controls were 1.0 arbitrary unit. At least three independent experiments were performed.
Quantification of ET-1 Using ELISA
The intact pieces of amnion obtained before and after term labor were cultured in DMEM at 378C under a 5% CO 2 atmosphere for 24 h. The culture supernatants were collected and used for the assays. The production of ET-1 was normalized to the levels of protein extracted from amnion after the culture, which were determined by a BCA Protein Assay Kit (Pierce Biotechnology) according to the manufacturer's directions. For the stimulation experiments, HAECs and HAMCs were treated with several agents for 24 h, and the culture supernatants were collected. The supernatants were tested using ET-1 ELISA kits (Enzo Life Sciences, Inc.) according to the manufacturer's directions. At a minimum, all experiments were performed in duplicate and then repeated three times.
Statistical Analysis
The statistical analyses were performed using the SPSS 20.0 software package (SPSS, Inc.). Distributions and variances were examined by means of the Shapiro-Wilk test and Levene test, respectively. For comparisons between two groups, Student t-test was used, because samples were normally distributed. For comparisons of multiple groups, ANOVA with Tukey honestly significant difference test was used for equal variant samples. Differences between the groups were considered to be significant at P , 0.05.
RESULTS
Expression Levels of ECE-1 and NEP in the Amnion During Labor
To examine the roles of ECE-1 and NEP during labor onset, the levels of the protein expression of these enzymes in the amnion obtained after labor were compared with those observed in the amnion obtained before labor. The expression levels of ECE-1 in the amnion obtained before labor were significantly lower than those in the amnion obtained after labor (Fig. 1, A and B) (P , 0.01). However, the NEP expression levels in the amnion obtained before labor were expressed significantly higher than those observed in the amnion obtained after labor (Fig. 1, A and C) (P , 0.01) . The relative ratio of ECE-1 expression to NEP expression increased approximately 2.5-fold in the amnion obtained after labor compared with that observed in the amnion obtained before labor (Fig. 1D) (P , 0.01). The output of bioactive ET-1 released from amnion obtained after labor was also increased approximately 2.5-fold compared with that observed in the amnion obtained before labor (Fig. 1E) (P , 0.01).
ECE-1 Is Expressed in Amniotic Epithelial Cells and NEP Is Expressed in Amniotic Mesenchymal Cells
An immunohistochemical analysis revealed the localization of ECE-1 and NEP in intact amniotic tissue ( Fig. 2A) . ECE-1 was predominantly localized in the amniotic epithelial cells (Fig. 2A, left, arrows) , whereas NEP was expressed by amniotic mesenchymal cells ( Fig. 2A, middle, arrows) .
To confirm these findings in isolated cells, we separately cultured HAECs and HAMCs. The purities of the epithelial cells in HAECs were confirmed by the presence of greater than 80% CK-7-positive cells, whereas those of the mesenchymal cells in HAMCs were confirmed by the presence of greater than 80% vimentin-positive cells (Fig. 2B) . The protein expression of ECE-1 was detected in HAECs but not in HAMCs, whereas NEP was predominantly expressed in HAMCs but not in HAECs (Fig. 2B) . Colocalization of ECE-1 was detected in the CK-7-positive cells (Fig. 2C) .
Effects of Cytokines, Oxytocin, and PGF2a on ECE-1, NEP, and ET-1 In Vitro
We investigated which factors have an impact on the protein expression of ECE-1 and NEP and on the output of bioactive ET-1 in HAECs and HAMCs. Inflammatory cytokines increase before the onset of labor, whereas oxytocin and PGF2a provoke uterine contractions. The expression of ECE-1 in the HAECs was upregulated by TNFa and IL1b to approximately 4-fold and 2.5-fold, respectively (Fig. 3 , A and C) (P , 0.01), whereas that of NEP in the HAECs was reduced by TNFa and IL1b to approximately 60% and 80%, respectively (Fig. 3, A and E) (P , 0.05). The production of ET-1 by HAECs was induced up to approximately 7.5-and 6.5-fold by TNFa and IL1b, respectively (Fig. 3G) (P , 0.01). Other agents, including oxytocin and PGF2a, had no significant effect on ECE-1, NEP, and ET-1. In the HAMCs, no significant differences were found in the protein expression of ECE-1 and NEP induced by treatment with agents (Fig. 3, B , D, and F).
Effects of S1P on ECE-1, NEP, and ET-1 In Vitro
S1P is a bioactive phospholipid with many actions, including a role in the inflammatory pathway. The protein expression of ECE-1 in HAECs was increased significantly by S1P in a dose-dependent manner (Fig. 4 , A and C) (P , 0.01), whereas S1P had no significant effect on the protein expression of NEP in HAMCs (Fig. 4, A and E) . The induction of ECE-1 by 1000 nM S1P was completely suppressed by treatment with PTX, a Gi inhibitor (Fig. 4 , A and C) (P , 0.01). The output of bioactive ET-1 by HAECs was induced up to approximately 2-fold by 1000 nM S1P (P , 0.01) and was abolished by PTX ( Fig. 4G) (P , 0.01) . In HAMCs, the protein expression of ECE-1 and the output of bioactive ET-1 were not significantly changed by treatment with S1P (Fig. 4, B, D , and H), although a significant but slight induction of NEP (P , 0.01), which was abolished by PTX (P , 0.05), was found (Fig. 4, B and F) .
DISCUSSION
In the present study, we used the lower segment of the amnion as previously reported [7] . The protein expression of ECE-1 was observed to be increased and that of NEP decreased in the amnion obtained after labor compared with that obtained before labor. The output of bioactive ET-1 was also increased in the amnion obtained after labor. These findings are associated with another report that ET-1 production increases in the forebag amnion during labor [7] . In the amniotic tissue, ECE-1 was predominantly expressed in epithelial cells, and NEP was primarily expressed in mesenchymal cells. ET-1 has been previously reported to be produced by cultured amniotic epithelial cells [24] , consistent with the present results. The results of localized patterns that showed ECE-1 always in epithelial cells and NEP in mesenchymal cells are similar to those found in other tissues [3, 4, 25] .
It has been previously reported that increased inflammatory responses occur in human gestational tissue as a prelude to the onset of labor [26] [27] [28] . We demonstrated that TNFa and IL1b, as regulatory factors of protein expression of ECE-1 and NEP, FIG. 1. Protein expression of ECE-1 and NEP and production of ET-1 in the amnion of subjects who underwent elective cesarean section (before labor, n ¼ 10) and vaginal delivery after spontaneous labor (after labor, n ¼ 10). A) Representative data of the Western blot analyses of the ECE-1 and NEP protein expression. B and C) Quantitative densitometric analyses showed the protein expression of ECE-1 (B) and NEP (C) normalized according to the level of b-actin. D) Relative ratio of ECE-1 expression to NEP expression was significantly increased in the tissues of amnion obtained after labor compared with that observed in the tissues obtained before labor. E) Amounts of ET-1 secreted from the amnion in the tissues before labor and after labor. B-E) Data are presented as the mean 6 SD. *P , 0.01, Student t-test.
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induced the protein expression of ECE-1 and reduced the expression of NEP in the HAECs. In endothelial cells, ECE-1 and ET-1 has been reported to be increased by TNFa and IL1b [29] , consistent with our results. Oxytocin and PGF2a were observed to have no effect on the protein expression of ECE-1 and NEP or on the output of bioactive ET-1 in the present study. However, the results should be interpreted with caution. Different concentrations of oxytocin and PGF2a can act on the amnion during labor, because oxytocinase and prostaglandin dehydrogenase are produced in the chorion [30] and the expression of prostaglandin dehydrogenase in the chorion has been reported to be reduced during labor [31, 32] .
We and others have reported that S1P increases in amniotic fluid, where it plays a role in the onset of labor via the induction of prostaglandin-endoperoxide synthase (PGHS)-2 [19, 20] . In the present study, S1P induced the protein expression of ECE-1 in the HAECs followed by an increase in the output of bioactive ET-1 via G i protein. However, the effect was a 2-fold induction, which was lower than that of TNFa (7.5 fold) or IL1b (6.5 fold). S1P had a significant effect on the induction of NEP via G i protein, although no effect was observed on the production of ET-1 in the HAMCs. Several studies have reported that S1P and ET-1 exhibit cooperative actions on contractions [33] [34] [35] or the regulation of gap junctional intercellular communication in astrocytes by altering the interactions of connexin-43 [36] , which is associated with myometrial contractions [37] . To our knowledge, however, no reports have appeared regarding the effects of S1P on the protein expression of ECE-1 and ET-1. We speculate that the primary regulators of ET-1 may be TNFa and IL1b in the amnion.
The role of amniotic ET-1 remains unclear. ET-1 receptors are not expressed in the amnion, whereas endothelin type B receptor (ETB) is expressed in the chorion and the decidua and endothelin type A receptor (ETA) is expressed in the decidua [38, 39] . These findings suggest that amniotic ET-1 acts in a paracrine manner. Vascular ET-1 is produced by endothelial cells and acts on both endothelial cells and vascular smooth KOTANI ET AL. muscles via polar secretion across the endothelial layer [40] . It is possible that amniotic ET-1 is also secreted on the chorion plate side. However, the direction of secretion of amniotic ET-1 and whether ET-1 can reach the myometrium remain unknown. One report demonstrated that NEP is expressed in the chorion [30] , whereas ET-1 has been reported in the chorion and decidua [41] . It has been reported that ET-1 induces the PGHS-2 expression via ETB [42] and that the level of prostaglandin dehydrogenase in the chorion is reduced during labor [31, 32] . These findings suggest that ET-1 acts on the ETB of the chorion during labor and that the NEP in the amniotic mesenchymal tissue provokes this action before the onset of labor. There are also reports showing that ET-1 can increase synthesis of decidual prostaglandins [43, 44] , which could mediate an indirect effect of ET-1 on myometrium during labor. In mice, the ECE-1 and ET-1 levels are increased in gestational tissue during preterm delivery [10] . However, information regarding this tissue in humans is lacking. Further research is needed to investigate the expression of these enzymes in the human chorion before and after labor onset.
In conclusion, the present results suggest that regulation of the protein expression of ECE-1 and NEP by TNFa and IL1b is related to an increased output of bioactive ET-1 during the onset of human labor. These findings are considered to provide new insight into the regulation of amniotic ET-1 in human labor.
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We acknowledge Ms. Sachiko Morisaki for her valuable technical and secretarial support. FIG. 3 . Effects of proinflammatory cytokines and uterotonic agents on the protein expression of ECE-1 and NEP and the production of ET-1 in HAECs and HAMCs. A and B) Representative data of Western blot analyses using HAECs (A) and HAMCs (B) treated with 10 ng/ml of TNFa, IL1b, IL6, or IL8; 100 nM oxytocin; or 2 lg/ml of PGF2a. C and D) Quantitative densitometric analyses demonstrated the relative protein expression (a.u., arbitrary unit) of ECE-1 in HAECs (C) and HAMCs (D) (n ¼ 3). E and F) Quantitative densitometric analyses demonstrated the protein expression of NEP in HAECs (E) and HAMCs (F) (n ¼ 3). G) Relative amount of ET-1 in the HAECs. The concentration of ET-1 in the medium was measured and calculated by setting the value of the control to 1.0. C-G) Data are presented in all graphs as the mean 6 SD. *P , 0.01, Student t-test.
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